Myostatin is a TGF-b family member that acts as a negative regulator of muscle growth. Mice lacking the myostatin gene (Mstn) have a widespread increase in skeletal muscle mass resulting from a combination of muscle fiber hypertrophy and hyperplasia. Here we show that Mstn-null mice have a significant reduction in fat accumulation with increasing age compared with wild-type littermates, even in the setting of normal food intake (relative to body weight), normal body temperature, and a slightly decreased resting metabolic rate. To investigate whether myostatin might be an effective target for suppressing the development of obesity in settings of abnormal fat accumulation, we analyzed the effect of the Mstn mutation in two genetic models of obesity, agouti lethal yellow (A y ) and obese (Lep ob/ob ). In each case, loss of Mstn led to a partial suppression of fat accumulation and of abnormal glucose metabolism. Our findings raise the possibility that pharmacological agents that block myostatin function may be useful not only for enhancing muscle growth, but also for slowing or preventing the development of obesity and type 2 diabetes.
Introduction
The TGF-β superfamily is a large family of secreted growth and differentiation factors that play essential roles in regulating tissue development and homeostasis (1) . Mutations in the signaling pathway of several family members cause diseases such as cancer, hereditary hemorrhagic telangiectasia, and primary pulmonary hypertension, demonstrating the importance of the family members to human health (2) . In a search for novel TGF-β-related factors, we discovered a family member, myostatin (Mstn), that is specifically expressed in vertebrate skeletal muscle (3) . Mstn is expressed in cells of the skeletal muscle lineage throughout embryogenesis beginning in the myotome compartment of developing somites. In adult tissues, Mstn is expressed predominantly in skeletal muscle and at significantly lower levels in adipose tissue. Mice carrying a targeted disruption of the Mstn gene have a dramatic increase in skeletal muscle mass throughout the body, with individual muscles weighing approximately twice as much as those of wild-type counterparts. This increase in muscle mass results from a combination of muscle fiber hypertrophy and hyperplasia.
The myostatin sequence has been highly conserved through evolution (4); in fact, the predicted myostatin protein sequence in the active portion of the molecule is identical among most mammalian and avian species that have been examined. In this region, the human myostatin is identical to the mouse myostatin amino acid sequence (4) . The function of myostatin also appears to have been conserved, as mutations in the Mstn gene have been shown to be responsible for the double muscling phenotype in cattle (4) (5) (6) (7) . This raises the possibility that myostatin could be a potential therapeutic target for increasing skeletal muscle mass in human patients with muscle-wasting diseases such as cachexia from cancer and AIDS and the muscular dystrophies.
Proper skeletal muscle function is also important for maintenance of normal glucose metabolism (8) (9) (10) . Skeletal muscle resistance to insulin-stimulated glucose uptake is the earliest known manifestation of non-insulin-dependent (type 2) diabetes mellitus (11) (12) (13) . In this paper we show that loss of myostatin prevents an age-related increase in adipose tissue mass and partially attenuates the obese and diabetic phenotypes of two mouse models of obesity and diabetes, agouti lethal yellow (A y ) and obese (Lep ob/ob ). These results suggest that inhibition of myostatin signaling may be useful for the prevention or treatment of obesity and diabetes. determined by fluorometry using either the left or the right side of the gonadal fat pad from 6-month-old mice. The other was fixed in formalin, embedded in paraffin, sectioned at 10 µm, and stained with hematoxylin and eosin. Total body fat from the entire bodies of 8-month-old males after exsanguination was determined as described (15) .
Serum measurements. Morning-fed glucose levels were determined using an Accu-Check glucose monitor in duplicate (Roche Diagnostics Corp., Indianapolis, Indiana, USA) using tail blood. For glucose tolerance experiments, 6-month-old male animals were fasted overnight. Glucose measurements were taken for 2-4 hours after intraperitoneal injection of 1 g of dextrose/kg body weight. Serum leptin in 8-month-old males was determined by RIA (Linco Research Inc., St. Charles, Missouri, USA). All other serum values were analyzed by Antech Diagnostics (New York, New York, USA) from blood samples taken by exsanguination from 6-to 7-month-old males. Values are expressed as average ± SE.
Food intake. Male mice 5.5 months of age were individually housed and fed ad libitum. Food was weighed daily for 10 days.
Body temperature. Temperatures of individually housed 5.5-month-old male mice were taken with a rectal thermometer at a depth of 1.5 cm (YSI Inc., Yellow Springs, Ohio, USA). For cold tolerance tests, mice were placed in precooled cages at 5°C and body temperatures were taken after 60 minutes.
Northern analysis. Northern analysis was performed as described (16) using total RNA from tissues isolated from 4-month-old C57BL/6J male mice.
Indirect calorimetry. Measurements of O 2 consumption (vO 2 ) were taken from 3-month-old males using a single-chamber Oxymax system (Columbus Instruments International Corporation, Columbus, Ohio, USA) with an O 2 flow rate of 0.75 l/min. Measurements were taken for 1 minute at 7-minute intervals. Total vO 2 corresponds to 30 measurements taken after animals were allowed to calm down for a period of 140 minutes. Resting vO 2 was calculated by averaging the lowest five readings over this same interval.
Results
Decreased fat accumulation in Mstn -/mice. We previously reported that Mstn knockout mice have a widespread increase in skeletal muscle mass, leading to a 25-30% increase in overall body weight at 3-6 months of age (3) . A comparison of Mstn +/+ and Mstn -/male mice at older ages, however, revealed that, unlike Mstn +/+ mice, Mstn -/mice did not continue to gain weight beyond 6 months of age, so that by 9-10 months of age, the total body weights of Mstn +/+ mice were comparable to those of Mstn -/mice (data not shown). In order to determine whether the normalization of body weights between the two genotypes resulted from a normalization of muscle weights, we compared muscle weights of Mstn +/+ and Mstn -/mice in the C57BL/6J background at various ages. As shown in Figure 1a for the triceps muscle (similar results were obtained for the pectoralis, quadriceps, gastrocnemius/plantaris, and tibialis anterior), differences in muscle weights were evident even at the youngest age examined (2 months) and were maintained in older animals. In addition, at all ages examined, mice heterozygous for the Mstn mutation had muscle weights that were intermediate between those of Mstn +/+ and Mstn -/mice, suggesting that the effect of myostatin on muscle mass is dose-dependent.
Because normalization of body weights occurred even though differences in skeletal muscle weights continued to be maintained throughout the life of the animals, we investigated the possibility that the increase in body weight in older Mstn +/+ mice was due to a higher rate of fat accumulation. As shown in Figure 1 , b-f, an analysis of individual fat pad weights revealed no differences between Mstn +/+ and Mstn -/mice at 2 months of age. By 5-6 months, however, there was a significant difference in males, with individual fat pads of Mstn +/+ mice weighing on average 2.4-4.4 times those of Mstn -/mice. By 9-10 months, fat pad weights in both male and female Mstn +/+ mice were spread over a large range, with fat pad weights in some animals increasing up to ninefold compared with those at 2 months of age. In contrast, every Mstn -/mouse examined at 9-10 months remained lean with relatively little fat pad weight gain over the 7-to 8-month interval. In order to rule out the possibility that fat stores were simply redistributed in Mstn -/mice, we measured total body fat. As shown in Figure 1g , the mean total body fat mass was reduced by 70% in Mstn -/mice compared with Mstn +/+ mice. Serum leptin levels correlated with the amount of total body fat in individual animals and were therefore significantly lower in Mstn -/mice (13.0 ± 1.6 ng/ml, Mstn +/+ ; 2.6 ± 0.2 ng/ml, Mstn -/-; P < 0.001) ( Figure 1g ). Hence, the differences in total body weight gain over time appeared to result from differences in fat accumulation.
In order to determine whether the differences in fat pad weights reflected differences in fat cell number or cell size, we carried out a more detailed analysis of the gonadal fat pads. Mstn -/mice had approximately 25% fewer gonadal fat pad cells than Mstn +/+ mice ( Table 1) . Cell size, however, was also affected, with the average weight of cells in the genital fat pad of Mstn -/mice being approximately 40% that of Mstn +/+ mice (Table 1; Figure 1h ). In addition to lower fat pad weights, adult male Mstn -/mice also had significantly lower serum triglyceride and cholesterol levels than Mstn +/+ mice ( Table 1 ). Blood glucose control seemed to be unaffected, however, as Mstn +/+ and Mstn -/mice had similar insulin, fed glucose, and fasting glucose levels (Table 1) . They also showed similar responses in glucose tolerance tests, with each reaching a maximum serum glucose value of approximately 220 mg/dl after 15 minutes and returning to base line 2 hours after glucose administration (data not shown).
Mstn -/mice failed to accumulate fat despite the fact that they did not have a decreased rate of food consumption. Food consumption in 5.5-month-old Mstn -/mice was actually 16% greater than that in age-matched Mstn +/+ mice, although, when expressed as a percentage of body weight, food consumption was very similar between Mstn -/and Mstn +/+ mice ( Table 2 ). Body temperatures of Mstn -/and Mstn +/+ mice either under normal conditions or in response to a 60-minute cold tolerance test were also similar, even though brown fat weights were reduced by approximately 50% in Mstn -/mice ( Table 2 ). We also examined expression levels of mRNAs encoding the uncoupling proteins, Ucp1, Ucp2, and Ucp3. The UCP proteins are mitochondrial inner membrane proteins that uncouple the proton gradient from ATP synthesis and have been implicated in thermogenesis (17) . As shown in Figure 2 , expression levels of each of these mRNAs were not increased in Mstn -/mice as compared with Mstn +/+ mice. Expression levels of Ucp2 and Ucp3 in skeletal muscle were actually slight-ly decreased in Mstn -/mice. Finally, we investigated the possibility that the reduced fat pad weights could be caused by an increase in metabolic rate in the knockout mice. As shown in Table 2 , analysis of 6-month-old animals in a metabolic chamber revealed that Mstn -/mice had higher rates of total and resting O 2 consumption compared with Mstn +/+ mice (14% and 8% higher, respectively), which is expected given the higher body weights of Mstn -/mice. If the data are expressed as a function of body weight, however, Mstn -/mice actually had lower rates of total and resting O 2 consumption compared with Mstn +/+ mice (10% and 15% lower, respectively) ( Table 2 ). The respiratory exchange ratio, the ratio of CO 2 produced to O 2 consumed, in Mstn -/mice was identical to that of Mstn +/+ mice (data not shown).
Suppression of obesity and glucose metabolism in A y , Mstn -/mice. The lack of fat accumulation in Mstn -/mice raised the possibility that inhibition of myostatin might be an effective method of suppressing the development of obesity in settings of abnormal fat accumulation. Therefore, we analyzed the effect of the Mstn mutation in mouse genetic models of obesity. A y is a dominant mutation that causes obesity by increasing food intake and fuel efficiency (18, 19) . The A y mutation causes abnormal expression of agouti protein, which antagonizes melanocortin receptors in the hypothalamus (18, 19) . As in a/a animals, individual muscle weights of A y /a, Mstn -/mice were approximately twice as high as those of A y /a, Mstn +/+ mice (data not shown). Despite the increase in muscle mass, total body weights of A y /a, Mstn -/mice at 7 months of age were either comparable to (in the case of males) or actually lower than (in the case of females) those of age-matched A y /a, Mstn +/+ mice (data not shown). As shown in Figure 3a , the appearance of adult female A y /a, Mstn -/mice was more similar to that of a/a, Mstn -/mice than to that of A y /a, Mstn +/+ mice. The reduced body weights and altered appearance of A y /a, Mstn -/mice resulted from a reduction in fat accumulation. Although individual fat pad weights were higher in A y /a, Mstn -/mice than in a/a, Mstn -/mice, fat pads weighed less than half as much in A y /a, Mstn -/mice than in A y /a, Mstn +/+ mice (Figure 3, b and c) . Hence, the pres-
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Figure 2
Expression of uncoupling proteins. Fifteen micrograms of total RNA isolated from various tissues in Mstn +/+ and Mstn -/mice was electrophoresed, blotted, and probed with Ucp1, Ucp2, and Ucp3. Each blot was also hybridized with an S26 ribosomal protein probe as a loading control. ence of the Mstn mutation partially suppressed the development of obesity in A y /a mice. Loss of myostatin also affected glucose metabolism in A y /a mice. A y /a mice have been shown to develop insulin resistance and have therefore been used as a model for type 2 diabetes (18, 19) . As described previously (18, 20, 21) , male A y /a, Mstn +/+ mice had elevated fed glucose and insulin levels (Table 3 ) compared with normal mice (Table 1 ) and had grossly abnormal serum glucose levels in response to a glucose tolerance test (Figure 3d ). In contrast, virtually all A y /a male mice that were also Mstn -/had normal fed glucose and insulin levels ( Table 3 ) and had dramatically lower glucose levels following an exogenous glucose load than A y /a, Mstn +/+ mice (Figure 3d ). Similar effects were also observed in female mice (Table 3 ; Figure 3e ), although the abnormalities in glucose metabolism are known to be less severe in female A y /a mice than in male A y /a mice (20) . Although the Mstn mutation did not completely eliminate the effects of the A y /a mutation on glucose metabolism (glucose tolerance tests of A y /a, Mstn -/mice were still abnormal relative to those of a/a, Mstn +/+ and a/a, Mstn -/mice), these results suggest that the Mstn mutation can have beneficial effects with respect to the development of type 2 diabetes in A y /a mice.
Suppression of obesity and glucose metabolism in Lep ob/ob , Mstn -/mice. We also investigated the effects of the Mstn mutation in Lep ob/ob mice. Loss of leptin signaling in Lep ob/ob mice causes severe obesity as a result of improper regulation of food intake and energy expenditure (22, 23) . Although some of the effects of leptin are known to be mediated through melanocortin receptor pathways, leptin is also known to have effects that are melanocortin-independent (24) (25) (26) . The increase in muscle mass due to loss of myostatin was delayed in Lep ob/ob mice as compared with Lep +/+ mice. Individual muscles were only 35-72% heavier in Lep ob/ob , Mstn -/mice than in Lep ob/ob , Mstn +/+ mice at 8 weeks of age, although they were 100% heavier at 3 months of age (data not shown). Nevertheless, as in A y /a mice, the Mstn mutation also suppressed fat accumulation in Lep ob/ob mice, which was evident upon examination of individual fat pad weights. At 8 weeks of age, Lep ob/ob , Mstn -/mice had a statistically significant reduction in retroperitoneal and parametrial fat pad weights compared with Lep ob/ob , Mstn +/+ mice (Figure 4, a and b) . The Lep ob/ob mutation is also known to cause abnormalities in glucose metabolism, which is most prominent in young mice (22) . The Mstn deletion delayed the development of hyperglycemia in Lep ob/ob mice of both sexes (Figure 4, c and d) . In female Lep ob/ob mice, the Mstn mutation completely suppressed the development of hyperglycemia in animals at 6 and 8 weeks of age, whereas the effect in male mice was most prominent at the youngest age examined (6 weeks).
Discussion
Myostatin is a TGF-β family member that acts as a negative regulator of muscle growth. We previously showed that mice lacking myostatin have a dramatic and widespread increase in skeletal muscle growth (3). Here we have shown that deletion of Mstn affects adipose tissue mass in addition to skeletal muscle mass. Specifically, myostatin-deficient mice have a significant reduction in fat accumulation with increasing age, despite the fact that they have normal food intake, normal body temperature, and a slightly reduced metabolic rate.
Additional experiments will be required to elucidate the precise mechanism by which myostatin regulates fat metabolism. One possibility is that myostatin acts directly on adipose tissue. In support of a direct mechanism for myostatin action is the recent report that myostatin can inhibit differentiation of adipocytes in vitro (27) . If myostatin is acting directly on adipocytes in vivo, myostatin could be acting either systemically or locally. Myostatin mRNA is known to be expressed in fat, although the expression levels are substantially lower in adipose tissue than in skeletal muscle (3) .
A second possibility is that the effects of the myostatin mutation in adipose tissue are an indirect effect of the lack of myostatin signaling in skeletal muscle. It is possible, for example, that the anabolic effects of the Mstn mutation on skeletal muscle tissue per se may shift energy metabolites in such a manner as to prevent fat accumulation elsewhere in the body. Another possibility is that lack of myostatin signaling in muscle affects the activity of hypothetical second messengers (28) released by muscle that act on adipose tissue. Also, we cannot rule out the possibility that myostatin acts, directly or indirectly, on other tissues such as the CNS that then regulate adipose tissue.
In support of an indirect mechanism, similar effects on fat accumulation have been reported in other genetically altered mice that have increases in muscle mass. For example, transgenic mice overexpressing either IGF-1 (29) or ski (30) in skeletal muscle have been described as being virtually devoid of fat, although quantitative analyses were not reported. The opposite effect, namely, an increase in fat accumulation, has been reported in mice having decreased muscle mass as a result of a muscle-specific knockout of the insulin receptor gene (31) .
An elucidation of the mechanism by which myostatin regulates fat metabolism in vivo ultimately will require the analysis of genetically manipulated animals in which components of the myostatin signaling pathway have been blocked specifically in either skeletal muscle or adipose tissue. In this regard, we have shown that myostatin can bind to the activin type II receptors, Act RIIA and Act RIIB, in vitro and that transgenic mice expressing a dominant negative form of Act RIIB in skeletal muscle have dramatic increases in skeletal muscle mass comparable to those seen in myostatin knockout mice (32) . Preliminary analysis of fat pads has shown that these transgenic mice also have decreased fat accumulation, which would be consistent with an indirect effect of myostatin on adipose tissue (our preliminary results). However, the interpretation of these data is complicated by the fact that although a skeletal muscle-specific myosin light chain promoter/enhancer was used to drive expression of the mutant receptor, expression of the transgene was also detected in adipose tissue (our preliminary results). Although the expression level of the transgene in adipose tissue was extremely low compared with the level in skeletal muscle, it is possible that this low-level expression was sufficient to block myostatin signaling in fat.
Whatever the mechanism by which myostatin regulates fat metabolism, we have demonstrated that loss of myostatin activity can have beneficial metabolic effects in two genetic models of obesity and type 2 diabetes. Specifically, we have shown that the myostatin mutation can partially suppress both fat accumulation and the development of hyperglycemia in both A y and Lep ob/ob mice. Although the role of myostatin in humans has yet to be elucidated, our findings raise the possibility that myostatin inhibitors may be useful agents for the prevention or treatment of metabolic disorders such as obesity and type 2 diabetes.
